Low blood sugar concentrations are common in infants, and concentrations which in the adult would be considered pathologically low may be physiological in the newborn in whom hypoglycaemia is not necessarily associated with symptoms (Ketteringham
nutrition syndrome, low blood glucose concentrations have been found (Melichar et al., 1964) , and Smallpeice and Davies (1964) found that the mean of the lowest blood sugar concentrations in 13 infants who were below expected birth weight was significantly lower than in other premature infants.
The administration of glucose by intravenous injection is well established in the management of neonatal hypoglycaemia (Neligan, 1965) , and oral therapy using laevulose has also been successful (Tynan and Haas, 1963) . The use of glucocorticoids and corticotrophin is subject to controversy. Cornblath et al. (1959) administered corticotrophin and cortisone to one patient and, in a further paper, such treatment was strongly recommended (Cornblath, Wybregt, Baens, and Klein, 1964) . Neligan et al. (1963) stated that 'the response to glucocorticoids is ... good and merits further investigation'. On the other hand, Brown and Wallis (1963) suspected that hypoglycaemia might be associated with depleted glycogen stores, a suspicion borne out by Shelley's (1964) finding of 'unexpectedly low' tissue carbohydrate concentrations in infants who were small for duration of gestation, and they, therefore, avoided the use of glucocorticoids and corticotrophin on the grounds that these drugs might aggravate such depletion. Cortisone acetate had no effect on the hypoglycaemia of 4 infants studied by Stur (1964) , but Creery (1963) stated that oral glucose combined with 25 mg. hydrocortisone by intramuscular injection was a safe and reliable means of treating neonatal hypoglycaemia, though oral glucose alone was ineffective.
Smailpeice and Davies (1964) believed that early feeding of premature infants prevented neonatal hypoglycaemia, but Haworth and Ford (1963) found that early feeding of premature infants had no significant effect on blood sugar concentration during the first 5 days of life.
In the present paper, observations on the relation between maternal venous and umbilical venous blood glucose concentrations at birth are reported, with particular reference to the possibility that duration of gestation independently of birth weight might influence that relation. The influence of various regimens on the postnatal blood glucose concentrations of infants who were under expected birthweight for the period of gestation (hereafter referred to as 'underweight') is described, and the effect on capillary blood glucose concentration of warming the extremity from which the blood is taken is reported. Methods Estimation of blood glucose concentration. Glucose concentration was estimated by the zinc hydroxide-glucose oxidase method of Hjelm and de Verdier (1963) , using 0.1 ml. plasma or whole blood for each determination, and reading the absorbancy at 450 m,u in a Unicam SP 400 spectrophotometer. The estimations on umbilical cord and maternal blood at delivery were carried out on plasma from heparinized blood, and the estimations on postnatal specimens were on whole blood.
The accuracy of the method was assessed by estimations on 28 pairs of separately pipetted and analysed whole blood specimens with glucose concentrations ranging from 6 to 106 mg./100 ml. The results were evaluated by the method suggested by Comblath, Levin, and Gordon (1956) . For each pair, the difference of the two determinations from their mean was calculated, and from these values the standard deviation (SD) of the individual differences was found to be 2-49 mg./100 ml. The standard error (SE) of the difference between any two determinations is V2 x SD of the individual differences, or 3-5 mg./100 ml. Hence, a difference between paired results (e.g. blood from warmed and unwarmed feet) of 2 SE of the difference (i.e. 7 0 mg./ 100 ml.) is significant in 95% of cases. In analysing the results, a difference of 7 -5 mg./100 ml. has been accepted as significant. The corresponding value used by Comblath et al. (1956) Hydrocortisone group. These infants had exactly the same feeding regimen as the infants in the high calorie diet group, but in addition they were given hydrocortisone acetate by intramuscular injection in a dosage of 25 mg. at the age of 24 hours and 12 * 5 mg. at the age of 36 hours.
Capillary blood for glucose estimation was taken from a heel-stab from each infant at 12-hourly intervals from. the age of 12 hours to the age of 72 hours. The limb used for obtaining blood was not specially warmed, but the infants were all in incubators or warm nurseries and had no obvious peripheral circulatory stasis. It will be shown below that a highly significant positive correlation existed between the glucose concentrations of blood from warmed and unwarmed feet (though significant differences were present between individual paired concentrations).
Study of capillary glucose concentrations in blood from unwarmed and warmed feet. During the course of the above studies and in other infants in whom glucose concentration was being estimated for various reasons, the opportunity was taken to compare the glucose concentration in capillary blood from an unwarmed foot with that collected immediately afterwards from the other foot which had been warmed for 1 minute in water at 1000 F. (37. 80 C.). To obviate any bias that might have been produced by local circulatory abnormalities, alternate feet were used for 'cold' specimens. In these infants there was no apparent peripheral circulatory stasis, and all were nursed in incubators or warmed cots. In all, 57 pairs of blood specimens were obtained.
In 4 instances blood samples were taken in quick succession from (a) a catheter introduced through the umbilical artery (for other investigations), (b) an unwarmed foot, and (c) a warmed foot.
Results
Unselected cases at birth 63 unselected cases. In the 63 unselected cases the mean concentration of glucose in the maternal venous plasma was 123 a 1 mg./100 ml. (SD = 35 8 mg./100 ml.) and in the umbilical venous plasma was 83-2 mg./100 ml. (SD = 29-8 mg./100 ml.). The mean difference in glucose concentration was 39-8 mg./100 ml. (SD = 27-8 mg./100 ml.).
The correlation between the glucose concentrations in the maternal venous plasma (M) and in the umbilical venous plasma (U) was highly significant (rMU = 0 649; p < 0'001). There was a positive correlation between the sum (S) of maternal venous and umbilical venous plasma glucose concentrations and their difference (D), but this was not statistically significant (rSD = + 0 -238; 0 * 1 > p > 0 * 05).
45 cases with gestation ofknown duration. In these cases the mean maternal umbilical venous plasma glucose concentration difference was 41-6 mg./100 ml. (SD = 27 * 8 mg./100 ml.).
There was a statistically significant positive correlation between duration of gestation (G) and glucose difference (D) (rGD = + 0 337; 0 -05 > p > 0-02) and a positive correlation which was not significant between birthweight (W) and glucose difference (rw = + 0-237; p > 0-1).
Although the glucose concentration difference was more closely related to duration of gestation than to birth weight, the partial correlation coefficient for glucose concentration difference and duration of gestation, with birth weight constant, was not significant (rD.W = 0-248; p = 0w 1).
Postnatal study of 'underweight' infants. The blood glucose concentrations in the three groups of infants described above are shown in Table II. In the low calorie group the blood glucose concentration fell slightly between 12 and 72 hours, giving a pooled regression coefficient for the 10 infants of -0 72, the linear component of this regression being just significant (p < 0 * 05). In the high calorie group the blood glucose concentration showed a clear tendency to increase with time; the pooled regression coefficient for this group was + 1 * 56, and the linear component of the regression was highly significant (p < 0 '001). There was a significant difference (p < 0 * 05) between the pooled regression coefficients for these two groups.
The pooled regression coefficient of + 0 65 for the hydrocortisone group was not significant (p > 0 -05), and it was not possible to compare this group with the low and high calorie groups. In the hydrocortisone group an apparent peak in glucose concentration at 36 hours was not significant when the 36-hour concentrations were compared with those at 24 hours and 48 hours by a 't' test for difference in pairs (for rise, t = 1 *153, 0 3 > p > 0*2;forfall,t = 2*242,0*1 > p > 0*05).
One infant (low calorie, Case 5A) developed clinical evidence of hypoglycaemia: at the age of 72 hours he was found to be limp and apathetic. His blood glucose concentration at that point was 4 mg./ 100 ml., and he responded to intravenous glucose therapy.
Capillary blood glucose concentration from warmed and unwarmed feet. The mean glucose concentration in blood from the warned feet was 44 0 mg./100 ml., and that in blood from the unwarmed feet was 2-8 mg./100 ml. lower. Over-all there was a highly significant correlation between the values in the two groups (r = + 0 *871, p < 0001), while the paired results differed significantly (t = 2-01, 0 05 > p > 0 02).
In 35 cases the glucose concentration was higher in blood from the warmed foot (average difference = 7 06 mg./100 ml.; SD = 4 39 mg./100 ml.); in t Pooled regression coefficient = + 0-65. 100 ml. (as calculated above), it was found that significant differences existed between 15 of the 57 pairs, the glucose concentration being higher in the warmed foot in 13 pairs, and in the unwarmed foot in 2 pairs. The results of the 4 cases where arterial blood samples were obtained are shown in Table III . The results for glucose concentration of blood from warmed and unwarmed feet in these 4 cases were not included in the statistical analysis above. Using the above criterion, significant differences were present between the triple results in several instances, but the glucose concentration was not always highest in the arterial sample nor lowest in the capillary sample from the unwarmed foot.
Discussion
Maternal and umbilical venous blood glucose concentrations. It is currently believed that maternal-foetal glucose transfer depends on an active transport mechanism rather than on simple diffusion (Chinard, Danesino, Hartmann, Huggett, Paul, and Reynolds, 1956; MacRae and Palavradji, 1964) . Numerous investigators, including Morriss (1917) , Slemons (1919) , Naeslund (1928) , Pedersen (1952) , Spellacy, Goetz, Greenberg, and Ells (1964) , have shown that the sugar concentration in maternal (1912) and Holman and Mathieu (1934) . In the present series the maternal plasma glucose concentration was higher than that in the umbilical vein by an average of 39 8 mg./100 ml. Ketteringham and Austin (1938) used JegherMyer's modification of Folin-Malmroos's micromethod, and Furuhjelm (1956) and Spellacy et al. (1964) used the Nelson and Somogyi method to show that the umbilical venous blood sugar concentration correlated well with the maternal blood sugar concentration at birth. In the present cases, where the glucose oxidase method was used, a similar close correlation was found.
A highly significant correlation between the sugar concentration in maternal venous blood and the concentration difference between maternal venous and umbilical venous blood was demonstrated by Furuhjelm (1956) . In the present study the statistically preferable procedure of correlating the sums of the maternal and umbilical glucose concentrations with their differences was adopted, and no significant correlation was found.
Whether the transplacental transfer of glucose is by passive diffusion or by an active mechanism, the process will depend on normal placental function. In infants who are underweight at birth as a consequence of placental insufficiency, glucose transfer might be impaired, and under these circumstances the maternal-foetal blood glucose concentration gradient might be influenced. One would expect, if this were so, that for a given birthweight duration of gestation would have a significant effect on the glucose concentration gradient across the placenta. This was not so in the present series (partial correlation coefficient for glucose concentration gradient and duration of gestation with birthweight constant, rDG.W= 0-248; p = 0 1), but it must be pointed out that few of the babies were unduly small for dates, only 3 falling within the 10th birthweight percentile for duration of gestation (using the Aberdeen figures discussed above). It would be of interest to compare, in normal and underweight infants, the concentration gradients across the placenta for a wide range of nutriments.
Effect offeeding regimen and hydrocortisone therapy on postnatal blood glucose concentration in 'underweight' infants. Early feeding of low birthweight infants such as was advocated by Smallpeice and Davies (1964) has more recently been shown by Wharton and Bower (1965) to be associated with an increased mortality rate. The former authors suggested that early feeding was advantageous to the 'small for dates' infant, while Wharton and Bower (1965) found more examples of symptomatic hypoglycaemia in their late feeding than in their early feeding group, and further noted among the 18 dysmature infants in their series that low blood sugar concentrations on the second day of life occurred more often with delayed feeding.
In the present series the three groups of 'underweight' infants all started feeds at 24 hours, while the volume and calorie intake were varied. The 'low calorie' group were given a calorie intake on the second and third days of life, which was lower than that used by Wharton and Bower (1965) for their 'later' fed infants, while the 'high calorie' group were given an intake above Wharton and Bower's 'later' fed infants but considerably less than their 'immediate' feeding group. The results ofthe study suggest that the higher calorie intake was associated with significantly higher concentrations of blood glucose over the first three days of life, and the only infant who developed symptomatic hypoglycaemia was in the low calorie group. The number of cases involved, however, is small, and the failure of the hydrocortisone group to show a regression coefficient for blood glucose similar to that of the high calorie group which was on the same diet suggests that a larger series should be studied. In future observations on low birthweight infants, whether premature or not, it will be necessary to study a range of feeding regimens between those used here and the early feeding advocated by Smallpeice and Davies (1964) . It is advisable that frequent estimations of blood glucose concentrations are carried out over the first few days of such studies, since precise correlation between symptomatic and asymptomatic neonatal hypoglycaemia and later evidence of brain damage is not clear, though Wharton and Bower (1965) found such evidence only in their symptomatic cases. Meantime the feeding regimen for 'underweight' infants should provide a calorie intake at least as high as that of the high calorie diet given above, and it may be advisable to commence feeds on the first day. The above high calorie regimen has been well tolerated by over 30 'underweight' infants, none of whom has developed symptomatic hypoglycaemia. Hydrocortisone in the dosage used produced no significant rise in blood glucose concentration above that already produced by diet alone, and further evaluation of this form of therapy is necessary as regards both dosage and duration of administration.
Capillary blood glucose concentration in warmed and unwarmed feet. It was first suggested by Hagedorn (1920) that capillary blood was equivalent to arterial blood in sugar content, and Lundsgaard and Moller (1922) concluded from their observations on capillary and arterial blood oxygen concentrations that cutaneous blood should have the same sugar content as arterial blood. Since then it has been confirmed in the adult that capillary blood sugar concentration approximates to arterial blood sugar concentration (Foster, 1923; Langner and Fies, 1942; Somogyi, 1948) , and studies on arteriovenous blood sugar concentration differences have been based on this assumption (Russell and Bruce, 1964) . In the newborn infant, however, Cornblath et al. (1956) found a significant difference between the glucose concentration in arterial blood and that in the capillaries of a warmed foot in 7 of 16 cases studied. Both Foster (1923) and Somogyi (1948) recommended that the limb be warmed before capillary blood was obtained, but the object of this manceuvre was rather to increase the blood flow than to arterialize the blood. It has recently been demonstrated in infants with impaired skin circulation that the glucose concentration of capillary blood drawn from a heel-stab may be significantly lower than the glucose concentration of blood in the inferior vena cava (Stur, 1964) .
Our findings indicate that in newborn infants the capillary blood glucose concentration may be significantly lower in samples obtained from unwarmed limbs than in samples from warmed limbs, even in the absence of obvious peripheral circulatory stasis, and the suggestion by Haworth (1965) that misleadingly low glucose levels may be found in capillary blood from infants with impaired skin circulation should be extended to all infants. The relation between capillary blood and arterial blood is variable, though it can reasonably be assumed that the glucose concentration of capillary blood from a warmed limb more closely approximates to that of arterial blood than does that of capillary blood from an unwarmed limb. Summary Plasma glucose concentrations were determined in maternal and umbilical venous blood samples. The two glucose concentrations were closely correlated, and the maternal was consistently higher than the umbilical by a mean of 39-8 mg./100 ml. The maternal-umbilical glucose concentration gradient was significantly related to the duration of gestation, but not independently of birthweight.
The influence of diet on the blood glucose concentration of 30 infants whose birthweights were low for the period of gestation was studied. The blood glucose concentration was significantly raised over the first 3 days of life by a high calorie diet compared with a low calorie diet. The addition of intramuscular hydrocortisone medication to the high calorie regimen produced no significant effect on blood glucose concentration.
Prior warming of the feet significantly raised the glucose concentration of blood obtained by heel-stab in infants even in the absence of obvious peripheral circulatory stasis. It is recommended that the foot must always be warmed before withdrawing capillary blood for glucose estimation.
